Laser capture microdissection (LCM) has recently been identified as a quick, simple, and effective method by which microdissection of complex tissue specimens for molecular analysis can be routinely performed. Assessment of gene copy number by fluorescence in situ hybridization (FISH) is useful for the analysis of molecular genetic alterations in cancer. Unfortunately, the application of FISH to paraffin sections of tumor specimens is fraught with technical difficulty and potential artifacts. Our results demonstrate that LCM-microdissected nuclei are suitable for FISH gene copy analysis. Amplification of genes in cancer specimens can be detected as easily in LCM-prepared nuclei as in fresh nuclei from cancer tissue specimens. Furthermore, contamination of tumor specimens by normal cells can make interpretation of flow cytometric cell cycle analysis difficult. Our results show that LCMmicrodissected nuclei can also be used for flow cytometric cell cycle and ploidy analysis. LCM/FISH offers the advantages of multicolor FISH in a morphologically defined cell population, without the technical problems of FISH performed on paraffin sections. This technique should further simplify the methodology required to perform copy number analysis of tumor suppressor or protooncogenes in archived cancer specimens. The use of LCM specimens will also improve the specificity and simplify the interpretation of flow cytometric cell cycle and ploidy analysis of breast cancer specimens.
The identification of consistent genomic alterations in cancer specimens may provide important diagnostic or predictive information. Although immunohistology is often used to measure gross up-or downregulation of genes, identification of structural genomic alterations such as gene amplification, deletion, or translocation may also contribute useful information. For example, with standardization of reagents and methods, it now seems clear that amplification and/or overexpression of c-erb-B-2 correlates with adverse outcome in breast carcinoma (1) (2) (3) . It is surprising that gene amplification can be a better predictor of outcome than overexpression (1, 4) . Discordance between copy number and gene expression has also been described in several oncogenes or tumor suppressor genes in addition to c-erb-B-2 (5) (6) (7) , such as c-myc (8) , RB1 (9, 10) , and p53 (11) (12) (13) . Such discordance may necessitate gene copy number analysis rather than immunohistologic methods.
One of the best methods of identifying major genetic structural alterations in nuclei is to use fluorescence in situ hybridization (FISH). This method usually works best with fresh or frozen tissue and offers localization of a genomic abnormality to a specific cell-very valuable in cancer specimens that are commonly contaminated with normal tissue elements such as inflammatory cells or fibroblasts. Copy numbers of genes such as c-erb-B-2 (4, 14 -18) , c-myc (19) , RB1 (20) , the insulin receptor gene (21) , CCND1 (22) , and others have been evaluated in clinical specimens by FISH. Heterogeneity of gene copy number may be a useful additional feature to assess in cancer specimens, as evidence suggests that metastasis likely occurs via specific dominant clones in the primary tumor (23, 24) . Assessment of tumor heterogeneity, thus, may add more useful information to the assessment of a specimen than copy number analysis alone.
Unfortunately, many pathologic specimens are fixed in formalin and embedded in paraffin before diagnosis. FISH of paraffin sections has proved to be very difficult and prone to artifact from autofluorescence, incomplete (sectioned) nuclei, high background, excessive probe requirement, and poor probe penetration (25, 26) . Protocols to isolate the nuclei from paraffin-embedded tissues have been described in the literature (27, 28) . Without pretreatment, however, investigators report that formalin-fixed, paraffin-embedded extracted nuclei show poor efficiency of hybridization in FISH assays (29) . Furthermore, isolation of nuclei from whole sections necessitates that the specimen be an almost pure collection of tumor cells before any meaningful analysis can occur. This can be difficult to achieve, as many cancer specimens are "contaminated" by stromal proliferation or inflammation. Simple methods to identify gene copy number from formalin-fixed, paraffin-embedded cancer specimens would therefore find wide application in the study of molecular correlates of tumor progression.
Cell cycle analysis of tumor specimens has been shown to be of some value in estimating risk of progression in breast cancer. High S-phase fraction, for example, has been shown to add prognostic information in subsets of breast cancer cases (30, 31) . The estimation of this indicator can be complicated by several factors, including tumor cell purity. Although algorithms have been designed to minimize some of these problems (30) , ensuring that a flow cytometry sample is composed exclusively of tumor cells is the best way to avoid artifacts that result from normal cell contamination. Staining the specimens with cytokeratin and using dual-label gating has been useful in at least confining the analysis to epithelial cells, resulting in better quality results (32) ; however, normal epithelial cells are still able to contaminate the analysis. A better method of ensuring that only the neoplastic cells are analyzed is needed.
The development of the laser capture microdissection (LCM) technique allows for the highresolution dissection of cells from frozen and formalin-fixed, paraffin-embedded tissue sections. This technology depends on the laser activation of a polymeric film that then becomes focally adhesive. When this film overlies a dehydrated tissue specimen, the zone of adhesion allows precise dissection of cell groups within a tissue section. Specimen dissection diameters as small as 7 are possible. This technique essentially negates the issue of contamination by non-neoplastic cells (33) . LCM has been used to dissect cells for specific mRNA isolation (34) , DNA isolation for genetic analysis (35) or comparative genomic hybridization (36) , and protein analysis (37) . This method seems to have great potential, therefore, for the isolation of tumor nuclei that could then be subjected to multicolor FISH analysis or flow cytometry. Confining the analysis to specific cells may also decrease the autofluorescence in sections caused by extracellular matrix or collagen. The temperature shock of approximately 70°C (Dr. B. Bonner, National Institutes of Health, personal communication, October 1997) and the adherence to the plastic film associated with LCM are possible barriers to the recovery of nuclei for subsequent FISH analysis. We evaluate the potential of LCM of breast carcinoma cells from paraffin sections to yield nuclei that are suitable targets for FISH quantitation of gene copy number and for flow cytometric analysis of cell cycle parameters.
MATERIALS AND METHODS
Specimens of normal breast and breast carcinoma were fixed in 10% neutral buffered formalin and embedded in Surgiplast matrix. Concurrently, frozen specimens of breast carcinoma were used to produce touch preparations for FISH analysis. The touch preparations were prepared using previously described methods (22) . Six-to 20-sections were cut from the paraffin blocks, stained with Harris's hematoxylin, dehydrated through a graded ethanol series to xylene, and then allowed to air dry. Staining with eosin yielded wide-spectrum background fluorescence that interfered with subsequent fluorescent analysis and was therefore eliminated. Dehydrated sections were subjected to LCM using a Pix Cell LCM instrument (Arcturus Engineering, Inc., Mountain View, CA) following manufacturer's protocols. Cells and cell nests were fixed to the polymer film on CapShur LCM caps (Arcturus Engineering) and placed tightly into 0.5-mL microfuge tubes. They were stored for up to 1 year at room temperature with no ill effect before nucleus extraction. Nuclei were extracted by optimization of published methods (38) . Briefly, 100 uL fresh, highquality chloroform was pipetted into a 0.5-mL microfuge tube and capped with a CapShur LCM cap containing a microdissected specimen. The tube was inverted for 10 seconds, then microcentrifuged at 3000 g for 30 seconds to release the tissue specimen from the "capture" polymer of the LCM cap. The LCM cap was then removed, and 200 uL anhydrous ethyl ether was added and mixed with the chloroform by inversion. This step is necessary to lower the density of the solvent to allow successful centrifugation of the tissue fragments while ensuring that the polymer capture medium was still soluble. After microfuge centrifugation, the supernatant was removed by vacuum suction with a narrow pipette tube and the pellet was washed two times as above with 300 uL fresh xylene to remove dissolved LCM cap polymers, taking care not to disturb the fragile tissue pellet. The sample was then washed once with 400 uL absolute ethanol to remove xylene, followed by one wash with 95% ethanol, one wash with 70% ethanol, and two washes with TE (10 mM Tris, 1 mM EDTA, pH 8.0) for rehydration. The sample was finally washed once with 400 uL proteinase buffer (50 mM Tris, 10 mM NaCl, 10 mM EDTA, pH 8.0) and resuspended to a final volume of 100 uL. Proteinase K was added (50 uL at 0.015% to a final concentration of 0.005%). The digest was incubated for 30 to 60 min at 37°C, with gentle finger vortexing approximately every 10 min. For FISH analysis, the sample was diluted with 350 uL TE, and the liquid was gently removed to leave undigested tissue fragments in the tube, then centrifuged for 5 min at 10,000 g followed by careful removal of as much supernatant as possible without disturbing the pellet. The pellet was then gently resuspended in approximately 50 uL 10 mM Tris pH 8.0 by pipetting with a wide-bore pipette tip, and the suspension was pipetted onto clean microscope slides (1 to 20 uL, depending on the concentration of nuclei). Circling the site of sample application with a diamond pencil on the underside of the slide was helpful to later visualization. The slides were allowed to air dry, then fixed in methanol:glacial acetic acid (3:1), air dried, and baked at 37°C for 4 h before hybridization. Slides were stored at Ϫ20°C in slide boxes sealed within hybridization bags containing Drierite desiccant.
For flow cytometric analysis, the specimen was diluted with 350 uL TE, then the liquid phase was gently removed to another tube to leave any undigested tissue fragments in the original tube. As an option, the liquid was then centrifuged at 3000 g for 1 min and resuspended in buffer for propidium iodide staining and flow cytometric analysis, but this step sometimes lowered the yield. Although a lot of steps are needed, batch handling can easily result in the purification of more than 20 specimens in an afternoon.
FISH was performed on the LCM and touch preparations according to our usual methodology (22) . A variety of labeled genomic probes including cosmids for human cyclin D1 (CCND1; cloned from a placental genomic cosmid library) and RB1 (obtained from RZPD, Heidelberg, Germany) were used for hybridization ( Figs. 1 and 2) . Fluorescent images were captured with a PXL1400 cooled CCD camera (Photometrics, Phoenix, AZ) using Electronic Photography software (BioDx, Pittsburgh, PA). Bright-field images were captured with a Spot 1 digital camera (Diagnostic Instruments, Inc., Sterling Heights, MI).
Purified nuclei for flow cytometric analysis were stained in phosphate buffered saline containing 50 ug/mL propidium iodide as per standard protocols (39) . Stained nuclei were analyzed on a Beckman-Coulter Model Epics XL flow cytometer (Fullerton, CA) using a 1024 channel single parameter histogram. Flow rate was less than 100 events per second to minimize coincidence, and double discrimination was used. Figure 1 shows FISH of nuclei isolated from microdissected normal breast epithelial cells with genomic probes for cyclin D1 (CCND1) and RB1. The expected two to four copies of each gene are easily identified. Because only the nuclei are present on the slide and cellular RNA is somewhat degraded during the prefixation or fixation process, the background is usually cleaner than touch preparations of viable cells. As gene amplification can be easily demonstrated by FISH in touch preparations of cancer specimens, it was appropriate to compare LCM nuclei with fresh nuclei from specimens known to have amplification of a proto-oncogene. Figure 2 shows a comparison of two independent cases of primary infiltrating duct carcinoma of breast. Both specimens have a histologic grade of 2 by modified Bloom-Richardson criteria (40) . Amplification of CCND1 is seen clearly in nuclei of both the touch preparations and the LCM specimens, whereas the RB1 signal is present at the usual two to four copies per cell. As for Figure 1 , the background staining is less in the LCM specimen. Although our results show gene amplification or normal copy numbers, loss of specific genes may also be amenable to detection with this technique.
RESULTS AND DISCUSSION
LCM-dissected specimens harvested from 20sections were stained with propidium iodide and subjected to flow cytometric analysis to identify cell cycle parameters and ploidy (Fig. 3 ). As can be seen, specimens from the two cases described in Figure 2 show normal ploidy but differing S-phase fractions. The coefficient of variation for the peaks is less than 5%, showing high technical quality of the specimens. These results indicate that flow cytometric analysis of LCM specimens is feasible.
FISH of formalin-fixed, paraffin sections has proved to be very difficult and prone to artifact from autofluorescence, incomplete (sectioned) nu-clei, excessive background, excessive probe requirement, and poor probe penetration (26) . Attempts have been made to improve the probe penetration and hybridization efficiency of such samples but have not been widely accepted (29) . Some chemical methods of reducing autofluorescence have been shown to increase signal-to-noise ratios (41) but do not completely suppress this problem. Other approaches have utilized pixel subtraction algorithms to reduce autofluorescence (42) . Methods of examining tissue sections using confocal microscopy have been developed (43) but are not feasible for most pathology applications, as the equipment is uncommon, the morphology can be difficult to appreciate, probe penetration of thick specimens is inefficient, and small probes have a short lifespan in the intense light required to penetrate thick sections. FISH using tyramide-based amplification on paraffin specimens has been reported (26, 44) , and these kits are offered commercially. Though this seems to be a useful and simple technique, the problems of autofluorescence, inef-FIGURE 2. Laser capture microdissection/fluorescence in situ hybridization (FISH) of infiltrating duct carcinoma cells. Twenty-micron paraffin sections from two different cases of infiltrating duct carcinoma were subjected to laser capture of cells or cell groups from formalin-fixed breast cancer tissue (A-C, D-F). The nuclei were prepared and subjected to FISH using CCND1 (red, large arrows) and RB1 (green, small arrows) cosmid genomic probes and compared with FISH of touch preparations of the fresh tumors. A and D, typical histology of the two cases, respectively. B and E, FISH of the touch preparations. Amplification of CCND1, illustrated by an increase of gene copy number greater than six to eight, are shown in both cases. C and F, FISH of the laser capture microdissection preparations. In all cases, RB1 copy number is normal. ficient hybridization, and nonspecific background are likely to remain. Furthermore, as the amplified signals can be large and diffuse, accurate quantification of gene copy numbers may not be possible. Although multicolor FISH is possible using tyramide technology, visualization of more than two or three fluorescent probes will be complicated by the potential for cross-reactivity between the different reagent combinations. Furthermore, nuclear slicing as a result of use of thin sections for better morphology and decreased background not unexpectedly leads to loss of genetic material, complicating quantification of amplified genes (19, 25) .
Analysis of DNA extracted from tissue samples using Southern blotting or polymerase chain reac-tion (PCR) is still more commonly performed than interphase FISH, even though one has lost the morphologic correlates. Although whole specimen extraction is prone to contamination of cancer tissues with multiple cell types (45) , the recent development of LCM technology has greatly alleviated this problem. With this equipment, precise cell typespecific microdissections can yield pure specimens for nucleic acid analysis. Although tissuedestructive techniques that can quantitate DNA preparations from LCM specimens such as quantitative PCR and Southern blotting are often used, formalin fixation and paraffin embedding both preclude Southern blot analysis and decrease the efficiency of PCR assays (46, 47) . These techniques also destroy the individual morphology of the nuclei, compromising the specificity of the analysis and the assessment of heterogeneity.
Our results indicate that LCM specimens of breast carcinoma yield nuclei that are very amenable to multicolor FISH analysis. Twenty-to 30specimens yield considerable numbers of useful nuclei, samples of 10 to 15 give a much lower yield (approximately 10 to 15%), whereas the usual 3-to 6-paraffin sections evaluated morphologically do not yield nuclei appropriate for FISH or flow cytometric analysis (data not shown). Of course, these criteria are probably tumor specific, with smaller cells such as lymphocytes likely to yield useful nuclei in thinner specimens than many carcinomas or sarcomas, although we have evaluated only breast cancer specimens. We have also found that the reproducibility of the nuclear yield varies considerably between dissected samples from the same thickness of specimens (data not shown), using the same number of LCM pulses. Whether this observation is due to variations in efficiency of LCM harvesting or nucleus extraction from the LCM specimens is not clear. LCM dissection of a few thousand breast carcinoma nuclei from a 20-to 30-section is usually sufficient to ensure a sufficient sample for either FISH or flow cytometric analysis. LCM/flow cytometry will allow the analysis of specific cell populations or subpopulations from even complex tumor specimens, likely decreasing artifact associated with the cell cycle analysis of specimens contaminated with both neoplastic and normal cells. LCM/FISH allows FISH to be performed on nuclei of morphologically defined cell populations harvested from paraffin-embedded specimens with ease. Furthermore, multicolor FISH may allow more sensitive assessment of copy number quantification in formalin-fixed specimens than PCR or Southern blotting, as our experience shows that most cells can give an interphase signal to a cosmid or P1-derived artificial chromosome probe. Direct labeling of DNA with fluors allows one to Figure 2 were subjected to LCM and nucleus isolation as previously described. Nuclei were stained with propidium iodide and analyzed as described in the "Methods" section. A, the analysis of the cells shown in Figure 2A -C, with 92.8% G 1 , 7.2% S, and no significant G 2 phase populations of nuclei. In this specimen, approximately 2000 nuclei were available for analysis from one LCM cap. B, the analysis of the cells shown in Figure 2D -F, with 76.3% G 1 , 22.3% S, and 1.4% G 2 phase. In this specimen, approximately 5000 nuclei were available for analysis from one LCM cap. Neither specimen shows significant aneuploidy. distinguish reliably many individual probes, governed only by the ability of filters to separate spectrally similar signals along the entire visible and near-infrared spectrum. Furthermore, because the nuclei are harvested from morphologically defined areas, automated analysis of the entire population of the nuclei may allow generation of gene copy fingerprints of individual cancer specimens. LCM/ FISH may have significant application to retrospective analyses of paraffin-embedded archived cancer specimens and promises to be a useful tool for use in research to identify new molecular markers of tumor progression, although the range of applications and tissue types that can benefit from this analysis has not yet been evaluated.
